We present a survey of Lyα emitting galaxies in the fields of the VLT LBG Redshift Survey, incorporating the analysis of narrow band number counts, the rest frame UV luminosity function and the two-point correlation function of Lyα emitters at z ≈ 3.1. Our photometric sample consists of 750 LAE candidates, over an area of 1.07 deg 2 , with estimated equivalent widths of 65 Å, from 5 fields based on deep Subaru Suprime-Cam imaging data. Added to this we have obtained spectroscopic follow-up observations, which successfully detected Lyα emission in 35 galaxies. Based on the spectroscopic results, we refined our photometric selection constraints, with the resulting sample having a success rate of 78 ± 18%. We calculate the narrow band number counts for our photometric sample and find these to be consistent with previous studies of LAEs at this redshift. We find the R-band continuum luminosity function to be ∼ 10× lower than the equivalent luminosity function of LBGs at this redshift. The results are consistent with the LAE fraction of the LBG population being constant or marginally increasing to fainter magnitudes at R < 26. Finally, we calculate the LAE auto-correlation function and find a low clustering amplitude compared to the z ∼ 3 LBG population. We calculate a clustering length of 2.87 ± 0.70 h −1 Mpc, which corresponds to a clustering bias of b = 2.13 ± 0.47 and a median halo mass of M DM = 10
INTRODUCTION
Two key methods for efficiently selecting high redshift galaxies are via their Lyman break feature (Lyman Break Galaxies -LBGs) and via their Lyman α emission (Lyman-α emitters -LAEs). Selecting high redshift galaxies through their strong emission in the Lyα feature using the narrowband imaging method has come to be a very effective technique to isolate high redshift galaxies. There are many observations that have been made to uncover galaxies with strong Lyα emission at various redshifts (e.g.
⋆ pimptu@kku.ac.th Hu & McMahon 1996; Hu et al. 1998; Steidel et al. 1996; Ouchi et al. 2003; Hayashino et al. 2004; Gawiser et al. 2007; Gronwall et al. 2007; Ouchi et al. 2008; Rauch et al. 2008; Ouchi et al. 2010; Bañados et al. 2013) .
At redshift z ∼ 3, there are a number of photometric and spectroscopic LAE samples (e.g. Steidel et al. 2000; Fynbo et al. 2003; Hayashino et al. 2004; Matsuda et al. 2005; Venemans et al. 2007; Nilsson et al. 2007; Gawiser et al. 2007; Gronwall et al. 2007; Rauch et al. 2008; Ouchi et al. 2008; McLinden et al. 2014) . Gronwall et al. (2007) surveyed the Extended Chandra Deep Field-South (ECDFS), identifying ≈ 160 photometrically selected z = 3.1 LAEs over an area of 0.28 deg 2 and to a Lyα c 2012 RAS luminosity limit of LLyα 10 42 erg s −1 . Their colour constraints correspond to a rest-frame equivalent width limit of EW 20 Å. By measuring the Lyα and rest-frame UV continuum luminosity functions in combination with the equivalent width distribution, they surmised that LAEs contain a non-negligible amount of dust and are therefore not of a primordial origin (but that they do represent a young galaxy population). Ouchi et al. (2008) presented a survey of ≈ 350 photometrically identified (with 41 spectroscopically confirmed) LAEs over ≈ 1 deg 2 in the Subaru/XMM-Newton Deep Survey (SXDS) field to a limiting Lyα luminosity of LLyα 10 42 erg s −1 (and a rest-frame equivalent width limit of 65 Å). Combining their z = 3.1 data with higher redshift samples, they find that LAEs (at a given equivalent width and luminosity limit) are more common at earlier epochs and are a tracer of either low-extinction (when compared to LBGs) or younger stellar populations.
In terms of understanding the LAE population through galaxy formation models, a number of groups have presented analyses based on semi-analytical models (e.g. Le Delliou et al. 2005; Kobayashi et al. 2007; Orsi et al. 2008; Kobayashi et al. 2010; Orsi et al. 2012) . For example, both Kobayashi et al. (2010) and Orsi et al. (2012) presented results from semi-analytical models, fitting to the observed Lyα luminosity function, making predictions for the nature of LAEs and their interstellar medium (ISM). Based on their Lyα equivalent widths and the continuum luminosity function results, Kobayashi et al. (2010) focus on the nature of the ISM, suggesting that a clumpy dust distribution might explain the observed high equivalent widths. Orsi et al. (2012) meanwhile implemented a full radiative transfer treatment in combination with the GALFORM model and focussed on the ability of galactic outflows to reproduce the observed LAE properties. They concluded that a shell outflow model with constant wind velocity reproduces well the observed LAE Lyα and continuum luminosity functions and that LAEs have lower metallicities, lower star formation rates and larger sizes than the bulk of the high redshift galaxy population. Additionally, in an earlier paper, Orsi et al. (2008) studied the clustering of simulated LAEs also using the GALFORM model, finding little dependence of the clustering measurements (i.e. r0, clustering bias and median halo mass) on the Lyα luminosity of LAEs, but a strong dependence on redshift.
In this work we present observations of LAEs in the deep imaging fields of the VLT LBG Redshift Survey (VLRS). The primary aim of the VLRS is to probe the intergalactic medium (IGM) of z ∼ 3 galaxies by observing galaxies close QSO sightlines (Crighton et al. 2011; Tummuangpak et al. 2014) . At present the survey consists of 9 fields with spectroscopic observations of Lyman break galaxies (LBGs) taken with VLT VIMOS. The primary survey is described in detail by Bielby et al. (2011 Bielby et al. ( , 2013 . By adding narrow-band data to our survey data, we aim to enhance the scope of the survey, probing the volume for both LAEs and other sources of Lyα photons (e.g. Lyα blobs and Lyα emission from and around QSOs).
In this paper, we present the narrow band data and analysis of LAE galaxies within the VLRS. We discuss our deep imaging data in these fields and the selection of LAEs at z ≈ 3.1 using the NB497 narrow band filter in Sec. 2.
We then report on spectroscopic follow up observations and our optimised selection criteria based on these in Sec. 3. In Sec. 4, we present narrow band number counts and the rest-frame UV continuum luminosity function for our LAE sample, whilst in Sec. 5 we present an analysis of the clustering of the LAEs. Finally we present a discussion of our results in Sec. 6 and our conclusions in Sec. 7.
Throughout this work, we adopt a cosmology given by {Ωm, ΩΛ, H0, h} = {0.25, 0.75, 100, 0.73}. Distances and volumes are given in comoving coordinates unless otherwise stated. All magnitudes are given in the Vega system unless otherwise stated (altough we note that the NB497 photometry is matched to the V band photometry, for which Vega and AB magnitudes are equal).
IMAGING DATA
The VLRS consists of 9 deep fields (each measuring between 0.25 deg 2 and 1 deg 2 ) centred on bright z 3 QSOs and containing both deep broad band photometry and spectroscopy (Bielby et al. 2011 (Bielby et al. , 2013 ). Here we have added to these data by using the Subaru Suprime-Cam instrument (Miyazaki et al. 2002) to obtain deep narrow band (497 nm) imaging in 5 of the VLRS fields, which allows for identification of LAEs at z ∼ 3.1 (details in Sec. 3.2). The observations were taken 19th September 2009.
Suprime-Cam is a mosaic CCD camera with ten 2048x4096 pixels CCDs which covers a 34 ′ × 27 ′ field of view with a pixel scale of 0.20 arcsec. We observed ∼ 0.5
• × 0.5
• fields centred on the bright quasars QSO B2359+068, LBQS 0301−0035, QSO J0124+0044, PKS 2126−158, and LBQS 2231−0015 (details are in Table 1 ). These fields were observed with the narrow band [OIII] NB497 filter (4977 Å, FWHM 77 Å; Hayashino et al. 2003) . Individual exposure times were 1,200 s for each frame and the seeing was generally sub-arcsecond (∼ 0.6 ′′ − 0.7 ′′ ). For the purposes of photometric calibration, we observed the standard star LTT 9491 (R.A. 23:19:34.98, Dec. -17:05:29.8 J2000) .
In order to select LAE galaxies, we also require B and V or R deep broad band imaging, which are available from our previous work in these fields. The full details of the broad band data and its reduction are provided in Bouché & Lowenthal (2004) ; Bielby et al. (2011 Bielby et al. ( , 2013 , whilst a summary of the broad band data is given in Table 2.
Data Reduction
To reduce the Suprime-Cam raw narrowband data, we used the pipeline software, sdfred (the Suprime-Cam Deep field REDuction package 1 , Ouchi et al. 2004a ) which comprises iraf, SExtractor (Bertin & Arnouts 1996) , and the mosaic-CCD data reduction software (Yagi et al. 2002) . The package includes bias subtraction, flat fielding, distortion+atmospheric dispersion corrections, matching the PSF size, sky subtraction, masking vignetting caused by the auto-guider, masking bad pixels, image alignments Table 2 . Details of broadband imaging observations from Bielby et al. (2011 Bielby et al. ( , 2013 and scaling, and mosaicing. The reduction procedure is briefly described below.
The images were first bias subtracted using the median value of the overscan region on each line of a given file (the Suprime-CAM CCDs are noted to have very little bias pattern, so only the subtraction of the overscan median is required) and the overscan regions were then trimmed from the images. The flat field was then created using a total of 25 dithered object frames from across the 5 observed fields, with objects and regions vignetted by the autoguider (AG) probe masked. With this flat field applied to the individual object frames, the astrometric distortion correction was performed (correcting for the telescope optics and the differential atmospheric dispersion) using a 5th order polynomial transformation (Miyazaki et al. 2002) . The point spread function (PSF) was then matched across the images by applying a gaussian smoothing kernel to individual images. The sky background was then determined by interpolating over a mesh pattern. The image was divided into a grid of 64 x 64 pixel squares (corresponding to 12 ′′ .9 x 12 ′′ .9). A bilinear interpolation was used to determine the global sky background from this grid and the result was subtracted from the individual science frames.
An initial astrometry solution was calculated using sdfred, whereby the images were matched internally (i.e. using one of the science frames as a reference) and matched to a reference stellar catalogue. The images from each field were then co-added into stacked final images.
We applied the cosmic ray rejection using the rejectedmean algorithm, crreject, from IRAF.
Object Detection and Photometry
Extraction of sources from the images was performed using SExtractor (Bertin & Arnouts 1996) . SExtractor was run in dual image mode using the narrow band image as the detection image for each of the broad band images and the narrow band image itself. Photometric zero-points were calculated using the narrow-band observations of LTT 9491. As there is no NB497 narrow band standard photometry available for the standard star, we assumed the narrow band magnitude to be equal to the quoted V band magnitude of V = 14.06 (the B −V colour of this star is +0.03). The zeropoint magnitude for our observations given a 1 s exposure was MZP = 24.34, which equates to MZP = 32.04 for our 1200 s exposures. Taking into account atmospheric absorption for each field, the airmass ranged between ≈ 1.1 − 1.5. Taking an extinction coefficient of k = 0.12 gives a range of extinction corrections of ≈ 0.13 − 0.19. The resulting individual zero-points are given in Tab. 1. Aperture magnitudes were measured using an aperture diameter of 3.0
′′ (approximately twice the seeing FWHM of the broad band data). Total magnitudes were measured using MAG_AUTO. 1σ magnitude depths were estimated using the errors calculated in 3.0 ′′ diameter apertures in SExtractor.
These initial catalogues were used for the selection of targets for the VLT VIMOS observations described in the following section.
Improved Astrometry, Object Detection and Photometry
The initial astrometric solution was discovered to be inaccurate during the analysis of the VIMOS spectroscopic data (as described in Sec. 3). We therefore re-calibrated the astrometry and produced improved photometric catalogues for all of our fields. This re-calibration of the astrometric solution was performed using scamp (Bertin 2006) with each stacked narrow band image in conjunction with the associated VLRS broad band images, thus providing a consistent astrometric solution across the narrow and broad band images. Since we applied the geometric transformation to all images, the object positions in each broad-band image were matched with objects in the NB band. The distortion correction in the reduction process corrected the geometric distortion and we obtained good astrometry to ± 0.2 ′′ rms over the image. Astrometry was made based on USNO at ESO catalogue and ∼ 1000 stars identified in the stacked images. The position of USNO objects were approximately uniformly distributed over the entire stacked images. The absolute coordinates of our objects were obtained from these USNO objects. The images were then transformed based on the scamp solution using swarp (Bertin et al. 2002) .
SPECTROSCOPIC OBSERVATIONS

Overview
We have made spectroscopic follow-up observations of the LAE candidates with the VIsible Multi-Object Spectrograph (VIMOS) (Le Fèvre et al. 2003) on the Very Large Telescope (VLT). The VIMOS focal plane is divided into 4 quadrants, each measuring 7 ′ × 8 ′ (with gaps of ∼ 2 ′ between adjacent detectors). We observed with the HR_Blue grism, allowing us to observe ∼ 20 − 30 objects per detector with a spectral coverage of 4150 < λ < 6000 and a resolution of R ∼ 2, 050 (given our 1 ′′ slit-width). VIMOS Mask Preparation was made by using VIMOS Mask Preparation Software (VMMPS) 2 and the observations were conducted at the end of August to the beginning of September, 2011 (part of the observing run ESO-ID 086.A-0520 B, P.I. H. Francke).
The observations were taken in 3 of our 5 LAE fields: QSO B2359+068; QSO J0124+0044; and LBQS 0301−0035. Details of the observations are given in Table 3 .
Initial photometric target selection
LAEs were selected for the VLT VIMOS spectroscopic observations using the narrow band 497 nm and broad band B, V and R band data already described. The transmission curves for each of these are shown in Fig. 1 . For this selection we used a narrow band magnitude cut of mNB497 26 in combination with (B − mNB497) and (V − mNB497) or (R − mNB497) colour cuts. These colour cuts were tailored individually to each field in order to optimise the slit allocations in the VIMOS fields targeted. The colour cuts used in 2 http://www.eso.org/sci/observing/phase2/SMGuidelines/VMMPS.html each field are given in Table 3 , along with the total number of objects selected (across the whole ≈ 0.5
• field in each case) and the number of these that were targeted in the VIMOS masks (i.e. over an area of ≈ 16 ′ × 16 ′ ). Different groups use different selection criteria to search for LAE candidates photometrically. For example: narrow-band and combined broad-band observations (e.g. (B + R) /2); one narrow-band filter and one broad-band filter; and one narrow-band filter and multiple individual broad-band filters. We choose the latter approach, using a two-colour approach which applied R − NB497 colour and B − NB497 colour, similar to those in Fynbo et al. 2003; Nilsson et al. 2007; Ouchi et al. 2008 . Following Ouchi et al. (2008 , we started from a colour cut of (V −mNB497) = 1.2, which equates to a cut in constant rest-frame equivalent width of EW0 ≈ 45 Å (or EW0 ≈ 65 Å when taking the Lyα Gunn-Peterson trough into accountsee Ouchi et al. 2008 ). For our fields containing R band data, but no V band data, we took into account the mean (V − R) colour difference in the 22 < mNB497 < 25 galaxy population giving an equivalent R-band cut is (R − mNB497) = 0.6. In addition to this, we also applied a cut using the B band of B − NB497 > 1.5. In order to optimise the slit allocations in the VIMOS masks, we then allowed these colour constraints to be relaxed. The resulting colour cuts used for the VIMOS target selection in each field are given in Tab. 3. These colour cuts were combined with a magnitude limit of mNB497 26.
Data reduction
The reduction of the spectroscopic data was performed with the VIMOS pipeline esorex packages 3 . The main procedure includes creating master calibration data, reducing science frames, and extracting objects. Following the pipeline manual, we firstly created a master-bias with the recipe vmbias. An output master-bias, was then used in the reduction 
of the flat field, arc lamp, and scientific exposures. The next step was using the recipe vmmoscalib to process flat field exposures and arc lamp exposures. We used the vmmosscience recipe to process science frames with the cosmic ray rejection applied at this point in the process. We then combined the images for each field using the iraf imcombine task.
The object extraction is made by applying an optimal extraction algorithm (Horne 1986 ). The wavelength calibration was performed using the input wavelength calibration and sky lines, and sky background subtracted. We found diagonal stray light interfered with the wavelength calibration and sky subtraction in quadrants 3 and 4. To fix this, we isolated the brightest part of this light from the flat lamp, fitted the smooth pattern of the flat and subtracted it out.
LAE identification
We found significant emission within the wavelength range of the narrow band filter in 8 of the 23 candidates in the QSO B2359+0653 field, 13 of the 45 in the QSO J0124+0044 field, and 14 of the 46 in the LBQS 0301−0035 field. These are listed in full in Tab. 4, whilst the reduced 1D spectra (with 2D spectra inset) are shown in Fig. A1 , Fig. A2 and Fig. A3 for the three separate fields. In each figure, the solid black line shows the reduced 1D spectrum, the shaded grey region shows the normalised NB497 filter response and the inset image shows the 2D spectrum within ±60 Å of the peak of the NB497 filter response curve.
Given all our detections are single line detections, the possibility exists that some of these could be [OII] emission from faint z ≈ 0.33 galaxies. The spectral resolution of our observations is marginally sufficient to discern the double peaked emission inherent in the OII double lines (the resolution is ∼ 2.5 Å while the [OII] doublet is about 2.7 Å). Although the resolution is very close to the peak separation, even in the event of the doublet being smoothed out in the spectrum by the instrument response, the presence of the [OII] doublet would lead to a significantly broad line. We have analysed each emission line, plotting the doublet separation over each and evaluating the likelihood of each line being [OII] emission. In most cases ( 90%), clearly shows no sign of being a doublet (i.e. there is no double peak and the single peak emission is not broad enough to be the two [OII] lines convolved into one via the instrument response). For the remaining 5%, we cannot discount the possibility of the emission being low redshift [OII] , but at the same time, none are clear-cut cases of [OII] emission. These ambiguous 5% are broad emission that show no significant detections of double peaks within the spectral noise. Indeed higher signal-to-noise and resolution observations would be needed to fully discern any double peaked nature to these broader lines. In addition, we note that even if double-peaked emission were detected, the complex nature of the escape of Lyα photons from galaxies can also produce double emission peaks. In all we find no strong evidence of any double emission in any of the detected emission lines and conclude that 95% of these lines are Lyα emission at z ≈ 3.06.
The success rate of the observations were somewhat low in part due to the relaxed constraints used to select candidates. Additionally, the slit mask for the second quadrant in the QSO B2359+0653 field was not properly aligned in its mount leading to no detections in that quadrant. However, in addition to this, a poor astrometric solution was found to have contributed to the low success rate. The astrometric errors for the images created two issues: 1. in the QSO B2359+0653 field, a number of targets were not correctly aligned within the slits during the observations; and 2. inconsistencies between the astrometry between the narrow band and broad bands led to incorrect broad band photometry measurements. The second of these resulted due to the broad band photometry being calculated in dual image mode with the narrow band as the detection image. Apertures placed to measure the photometry in the broad band images were thus offset from the intended targets in some cases, leading to incorrectly faint magnitudes being measured and objects with no emission being promoted into the selection criteria.
Following the spectroscopic observations, we thus recalculated matched astrometric solutions for all the data as described in Sec. 2.3.
Selection efficiency and optimised selection criteria
The selection success rates are relatively low in our spectroscopic sample of LAE candidates (31%). This is the result of the original criteria being comparatively flexible in order to allow the maximal number of slits placed per VIMOS field, whilst as discussed the astrometric and photometric calibrations were sub-optimal prior to the spectroscopic follow-up. In this section we therefore provide an optimised and uniform set of selection constraints, maximising the numbers of successfully identified LAEs based on our updated photometric catalogues and the spectroscopic observations. First of all, we now use a narrow band magnitude cut of mNB497 25.0 (as opposed to mNB497 26 previously), as in all three fields there is significant scatter from the galaxy Table 4 . Galaxies with confirmed Lyα emission from the VLT VIMOS observations. The top, middle, and bottom entries correspond to the galaxies in the fields of the quasars B2359+0653, J01214+0044, and Q0301−0035 respectively locus at fainter magnitudes than this due to the measurement uncertainties on the photometry. The converse of this is that the measured colours of many LAEs beyond this limit are scattered into the galaxy locus in the colour-magnitude diagram.
Secondly, we optimise the V − mNB497, R − mNB497 and B − mNB497 colour cuts at mNB497 25.0 in order to maximise the numbers of LAEs found and minimise the number of interlopers. We find that taking cuts of V −mNB497 1.2, R − mNB497 0.6 and B − mNB497 1.4 selects 18 out of the 20 spectroscopically confirmed mNB497 LAEs at mNB497 25.0, whilst missing 2 of these. The selection also includes 5 non-detections from the spectroscopic observations that may be contamination or weakly emitting z ≈ 3.1 LAEs (likely scattered into the selection region due to noise on the photometry). These colour cuts are equivalent to a rest frame equivalent width cut of ≈ 65 Å.
Additionally, we also reject objects with SExtractor flags greater than zero; mask low signal-to-noise regions of the images (primarily the image edges) to avoid noise contamination in these regions; and (in order to minimise the contribution of artefacts in the images) apply elongation (eSEx) and FWHM limits. By inspection of the images, objects with a measured elongation of eSEx > 2.8 are exclusively artefacts (primarily cosmic ray hits not removed by crreject). In addition, objects with measured FWHM less than the measured image FWHM are also rejected (on inspection these are also exclusively artefacts and primarily remnant cosmic rays).
The selection criteria are summarised as follows:
• 20 < mNB497 < 25; Note that the objects identified as being targeted with VIMOS that lie within the main galaxy population are those that were subject to significant photometric errors due to the astrometric mis-alignment of images (see Sec. 3.4). (Fig. 2) and (B − mNB497) colour (Fig. 3) . The grey and black filled circles show LAE candidates observed with VLT VIMOS and are described further in Sec. 3. The seeing for each field (i.e. FWHMimage is given in Tab. 1).
The numbers and sky densities of candidates in each field given by these criteria are given in Tab. 5. Based on our spectroscopic observations, these criteria give a success rate of 78 ± 18%. Comparing to the success rate in other's work, Ouchi et al. 2008 identified line emitters from 60% of their targets at this redshift, whilst Fynbo et al. (2001 Fynbo et al. ( , 2003 reported the spectroscopic follow-up success rate of 75 -90% for z ∼ 3 LAE surveys.
The distribution of the selected LAE candidates in each field is shown in Fig. 4 , with the same symbols as in previous plots (i.e. open circles for LAE candidates and filled grey and black circles for candidates observed with VLT VIMOS). Filled stars in Fig. 4 denote the positions of background QSOs in the fields. Note that the objects identified as being targeted with VIMOS that lie within the main galaxy population are those that were subject to significant photometric errors due to the astrometric mis-alignment of images (see Sec. 3.4).
Redshift and spatial distribution of LAEs
The redshift distribution, n(z), for the VLT VIMOS confirmed LAEs is shown in Fig. 5 (solid blue histogram) . For comparison, the throughput curve of the NB497 filter is also shown (solid black curve).
The survey sky coverage is illustrated in Fig. 4 , where the distributions of candidate LAEs (small grey circles) and confirmed LAEs (large black circles) are shown for each field. Background z 3.1 QSOs are also shown (filledstars). These five fields cover a total area (after masking) of 1.07 deg 2 .
Combining the VIMOS redshift distribution with this total sky area gives an LAE survey volume of 7.31 × 10 5 Mpc 3 . Taking instead the NB497 filter response curve as the redshift distribution gives a somewhat higher survey volume of 9.77 × 10 5 Mpc 3 . In the analysis that follows, we take the volume given by the filter response curve given that the measured redshift distribution is somewhat under-sampled. For reference, a top-hat redshift distribution (between z = 3.05 and z = 3.14) gives a survey volume of 1.37 × 10 6 Mpc 3 . QSOs at the LAE redshifts or higher (i.e. z > 3.05) are also plotted for reference (stars). The dashed green boxes show the areal coverage of the VIMOS quadrants for the spectroscopic observations (note that the fields PKS 2126-158 and QSO B2231-0015 fields have not been observed spectroscopically). The central QSO in the QSO B2231-0015 field is not plotted as it has a redshift lower than that of the LAE selection (z QSO = 3.027).
NUMBER COUNTS & LUMINOSITY FUNCTION
Narrow band number counts
Using the updated selection criteria given in the previous section, we calculate the galaxy number counts for the LAE sample as a function of narrow band magnitude. This is shown in Fig. 6 , where the filled black circles show our results. The error bars show field-to-field error estimates on the points. For comparison, we show the z ≈ 3.1 narrow band number counts published by Gronwall et al. (2007, diamonds) and Ouchi et al. (2008, triangles) . Gronwall et al. (2007) conducted a 0.28 deg 2 survey at z ≈ 3.1 in the Extended Chandra Deep Field South (ECDFS). Their selection is based on a measured colours derived from the NB5000 filter and a broad band image constructed using a combination of images taken using the B and V band filters. Their criteria were thus:mNB5000 − mB+V < 1.03, with a narrow-band magnitude limit of mNB5000 25.4. This gave a sample of 162 galaxies with rest-frame equivalent widths of > 20 Å (approximately 80 Å in the observer's frame). The Ouchi et al. (2008) selection criteria are based on a cuts of V − mNB503 > 1.2 and B − V > 0.5. They detected 356 photometric LAEs, with rest-frame equivalent widths of 65 Å, over a ≃ 1 deg 2 area. A direct comparison of the Gronwall et al. (2007) and (Ouchi et al. 2008 ) number counts of z ∼ 3.1 LAEs is shown by Ciardullo et al. (2012) . Ciardullo et al. (2012) extended the study of Gronwall et al. (2007) by re-imaging the ECDF-S with a 57 Å FWHM nearly top-hat filter centred at ≈ 5010 Å. They found a total number of 360 z ≈ 3.1 LAEs, a subset of which are also selected by Gronwall et al. (2007) . They then reproduced the luminosity function and concluded that their result is statistically identical to values in Gronwall et al. (2007) and Ouchi et al. (2008) .
The VLRS LAE number counts are consistent with the number counts of Gronwall et al. (2007) at the ≈ 1σ level, and marginally higher than the counts of Ouchi et al. (2008) (although still only at the ≈ 1 − 2σ level). For context, the equivalent width limits for each survey are: 65 Å (this paper), 20 Å (Gronwall et al. 2007) , and 65 Å (Ouchi et al. 2008 ). The lower equivalent width limit of Gronwall et al. (2007) would suggest that they would measure ≈ 10% higher numbers of LAEs compared to both those of Ouchi et al. (2008) and our own samples (Ciardullo et al. 2012) , which is perfectly reasonable within the uncertainties on the three samples.
Also shown in Fig. 6 is the prediction of the Orsi et al. The radiative transfer component of the model is calibrated to give a fair match to the evolution of the observed luminosity function in the redshift range 0.2 < z < 6.6 with a unique set of parameters that relate the predicted physical properties of GALFORM galaxies to a galactic outflow from which Lyα photons escape. At z = 3, the model is consistent with the luminosity functions of Gronwall et al. (2007) , Ouchi et al. (2008) and Rauch et al. (2008) . The plotted number counts were estimated using our own filter and selection criteria. The close fit to our own data is thus not surprising, but adds a further sanity check that our results are consistent with these previous observations, which are based on subtly different filters and/or selection constraints. In terms of the calibration of the GALFORM model, its free parameters are chosen to match a number of observational data, mostly at z = 0 (e.g. optical and NIR LFs, MBH − M bulge relation, morphological fractions), but also sub-mm, FIR counts and UV luminosity functions at high redshift. The model can then predict intrinsic Lyα luminosities, derived from starformation histories, whilst a radiation transfer model is used to model the Lyα escape fraction, based on an outflow model which is itself dependent on the individual galaxy properties. This radiation transfer and outflow model (which in this case consists of an expanding thin shell of material) was tuned to match the previously observed LFs listed above. Despite the freedom to tune the radiative transfer parameters to match a set of observed luminosity functions, the model presented in Orsi et al. (2012) is the only one in the literature that is able to reproduce the abundance of LAEs over the large redshift range of 0.2 < z < 6.6. This provides unique insights into, and offers constraints on, the radiative transfer model Figure 7. The R-band luminosity function of the VLRS z = 3.1 LAEs (filled circles). For comparison, we also show the equivalent LAE luminosity functions from Gronwall et al. (2007, diamonds) and Ouchi et al. (2008, triangles) . Also shown is the observed r-band luminosity functions of z ∼ 3 LBGs from Steidel et al. (1999, pentagons) and from the CFHT fields of van der Burg et al. (2010, stars) . The dashed and dash-dot curves show the Steidel et al. (1999) luminosity function reduced by a factor of 3 and a factor of 10 respectively.
parameters used and can provide insights into the physical properties of LAE galaxies.
Continuum luminosity function
We estimated the R-band continuum luminosity function of our sample of LAEs. As in Gronwall et al. (2007) , we use the filter curve to define the survey volume used for the luminosity function calculation, which gives a volume of 9.77 × 10 5 Mpc 3 . The resulting continuum luminosity function evaluated across all 5 fields (and scaled in accordance with the estimated 78% success rate of our sample) is shown in Fig. 7 (filled black circles) . The error bars give the uncertainty based on field-to-field estimates using our five imaging fields in combination with the uncertainty introduced by the estimate of the same success rate.
We show our results in comparison to those of Gronwall et al. (2007, diamonds) and Ouchi et al. (2008, triangles) . Our results are consistent with those of Ouchi et al. (2008) within the calculated errors to a magnitude of RVega ≈ 26, where we are less complete than Ouchi et al. (2008) . In contrast, our luminosity function (and that of Ouchi et al. 2008 ) is only consistent with that of Gronwall et al. (2007) at magnitudes of RVega 25. At RVega 25, the Gronwall et al. (2007) luminosity function is significantly elevated above our own and approaches the volume densities of LBGs at the same redshift -shown by the filled stars (van der Burg et al. 2010 ) and hexagons Steidel et al. 1999 . Indeed, whilst Ouchi et al. (2008 report their LAE luminosity function to be ≈ 1 10 of that of the Steidel et al. 1999 LBG luminosity function (shown by the dash-dot curve in Fig. 7) , Gronwall et al. (2007) find that their LAE MUV luminosity function is equivalent to ≈ 1 3 of the Steidel et al. 1999 LBG luminosity function (shown by the dashed curve). Our own LAE MUV luminosity func-tion is strongly in agreement with LAEs (of equivalent width 65 Å) being ≈ 10× less common than LBGs given magnitudes of RVega 26 (MUV −19.6). Although significant, upon further analysis we find that this apparent discrepancy between the results of Gronwall et al. (2007) and the results of both this paper and Ouchi et al. (2008) is likely explained by the differing equivalent width limits of the samples (see Sec. 6). Orsi et al. (2012) compared their model predictions of the UV (λ ∼1500 Å) luminosity function of z ∼ 3 LAEs to the observational data from Ouchi et al. (2008) and Gronwall et al. (2007) . Their results under-predict the observational results, however, they are in a reasonable agreement at the bright end of the LF measured by Ouchi et al. (2008) and inconsistent with the faint end result from Gronwall et al. (2007) . Orsi et al. (2012) also predicted that Lyα emitters are a subset of the galaxy population with lower metallicities, lower instantaneous star formation rates and larger sizes than the overall population at the same UV luminosity.
LAE AUTO-CORRELATION FUNCTION
We now analyse the clustering properties of the photometrically selected LAE sample to further understand the properties of LAE selected galaxies.
Clustering Estimator
We estimate the angular auto-correlation function, w(θ), using the Landy-Szalay estimator (Landy & Szalay 1993) , which is given by:
where DD(θ), DR(θ), and RR(θ) are the numbers of galaxygalaxy pairs, galaxy-random pairs and random-random pairs as a function of θ. For each field, we generated uniform random points with the same area as our masked LAE samples, with 20× the number of LAE candidates in each field. Fig. 8 shows the distribution of the random points used in each field for the clustering calculation, showing the extent of the fields and the masking implemented. We use two error estimators here: simple Poisson error estimates; and field-to-field error estimates. The Poisson estimate is given by:
At large scales, the Poisson errors are limited by the total number of galaxies in the data sample and thus we take the maximum estimate between Eq. 2 and the field-tofield error estimate.
The field-to-field error estimate is given by the error on the mean of the measurement across the fields and is calculated using:
where N is the number of fields (i.e. N = 5), wi(θ) is a measurement from the ith field and w(θ) is the mean value. This accounts for the effect of cosmic variance on our results, although will be somewhat limited in it's accuracy in estimating the real uncertainties given the small number of fields. It is instructive however to make this alternative estimate to the Poisson errors in order to provide a further check on the uncertainties in our measurements.
Angular Clustering results
Fig . 9 shows the results of the clustering analysis (filled black circles). Poisson error estimates are plotted on points at θ < 1 ′ , whilst field-to-field error estimates are plotted at θ > 1 ′ . We used field-to-field error above 1 ′ .0 because this method is not good at the small separations where the number of LAE pairs is too small. Poisson statistics are more reliable at small separations but under-predict the uncertainties when the number of pairs becomes large at higher angular separations. The plotted points include an amplitude correction for contamination in the photometricaly selected sample, which takes the form:
where Ai and Ao are the intrinsic and observed correlation amplitude respectively, and fc is the contamination fraction (i.e. fc = 0.22). The plotted points have all been adjusted upwards by a factor of 1/(1 − fc) 2 = 1.64. The points also include the contribution of the integral constraint, which accounts for the effect of finite field sizes. This is estimated following the method outlined in Bielby et al. (2014) amongst others and takes a value of I = 0.024.
We compare our results in the top panel of Fig. 9 with several measurements from other authors. Squares show the result from Hayashino et al. (2004) which is obtained from 283 z = 3.1 LAE candidates with a narrow band magnitude limit of mNB497 < 25.8 and EWrest 38 Å observed in the SSA22a field using the Subaru Telescope. This was a further observation of SSA22a of Steidel et al. (2000) who found 72 LAEs. However, the observed area in Hayashino et al. (2004) is about 10 times larger than in Steidel et al. (2000) . Both Steidel et al. (2000) and Hayashino et al. (2004) concluded that no significant clustering of z = 3.1 LAEs has been shown inside the SSA22a area. We also compared our results with Gawiser et al. (2007) (represented by diamonds) who studied the clustering properties of 162 LAEs at z = 3.1 at a narrow-band completeness limit of 25.4 which were observed in the deep narrow-band MUSYC survey. Their EWrest is about 20 Å. Ouchi et al. (2010) with narrowband magnitude limits of mNB5003 25.3 is represented by triangles.
Comparing our results with each measurement, we found that our results agree with Ouchi et al. (2010) within their error bars although their result show a high clustering at small scale θ < 0.1 arcmin. At larger scale, Hayashino et al. (2004) and Gawiser et al. (2007) show slightly higher clustering amplitude than ours, but they are consistent within error bars. Given the different equivalent width and flux limits of each survey, this may be evidence that the clustering amplitude of LAEs is particularly insensitive to the Lyα sample selection. In other words, LAEs trace the density field in the same way regardless of their selection.
In the lower panel of Fig. 9 we compare our results to the model predictions of the GALFORM model. The filled circles are the same as in the top panel, whilst the solid curve and shaded regions show the median clustering measured from 225 mocks and the 1σ and 2σ uncertainties. Each mock covers a survey area of 1.07 deg 2 (i.e. equivalent to our own survey area) and so the uncertainties given by the shaded regions should be representative of the uncertainties we should expect in our observations. The first thing to note then is the consistency between our own field-to-field/Poisson error estimates and the 1σ uncertainties predicted by the GAL-FORM mock catalogues. In terms of the actual w(θ) measurements, the observations and models are highly consistent at small scales (i.e. θ 0.25 ′′ ), whilst at larger scales the models marginally over-predict the observational results at the ≈ 1 − 2σ level. Interestingly, Guo et al. (2011 Guo et al. ( , 2013 and Bielby et al. (2014) similarly found that the clustering of galaxies is over-predicted by semi-analytical models.
Real-space clustering
We now parameterise the LAE clustering in terms of the real-space clustering length. This can be considered a first order solution (e.g. in comparison to using a halo occupation distribution model), but is well suited to the numbers of objects in our analysis and the angular extent of our measurement. The angular two-point correlation function w(θ) is effectively a weighted projection of the spatial two-point correlation function ξ(r). It is common to transform from the angular to the spatial correlation function using Limber's approximation (Limber 1953) , however this requires that the depth of the galaxy survey, π (i.e. distance probed along the line of sight), is much greater than the on sky maximum separation, σ (e.g. Limber 1953; Simon 2007 ). For our survey volume, this is not the case -the depth of our survey is π ≈ 90 Mpc and the width is σ ≈ 60 Mpc. We therefore use the full analytical form in transforming from the real-space clustering form to the projected angular clustering.
As the underlying model for the real-space clustering, we assume a power-law with a slope of γ = 1.8 (e.g. Peebles 1980):
where r is the real-space separation between two galaxies and r0 is the clustering length parameter. Following Phillipps et al. (1978) , the joint probability of finding galaxies in solid angles δΩ1δΩ2 separated by an angle θ is defined as:
where N is mean number density of galaxies in the volume of interest and w(θ) is again the angular auto-correlation function. Similarly, for the spatial correlation function, ξ(r, z), the joint probability of finding galaxies in a volume δV1δV2 is:
By multiplying Eq. 7 by the sample selection function φ(z) and integrating over all the redshift z1 and z2, the spatial correlation function, ξ(r) can be related to w(θ) by:
where f (z) is the radial distribution of sources which is given by:
where φ(z) is the selection function of the sample, nc(z) is the comoving number density of the sources, χ is the radial comoving distance, and r = r(θ, z1, z2) is a comoving separation between two points at z1 and z2.
We assume that over the redshift range probed, the actual number density of LAEs, nc(z), is constant, whilst we have calculated solutions with each of the filter response curve and the redshift distribution of the VIMOS detected sources as the selection function, φ(z). We performed a minimized χ 2 fit to determine the clustering length, r0, given our w(θ) clustering measurement and using Eq. 8 to transform from the real-space power law correlation function, ξ(r), and the angular correlation function, w(θ). With the n(z) of the spectroscopically confirmed LAEs and a fixed slope of γ = 1.8, we derived a result of r0 = 2.71 ± 0.66 h −1 Mpc (where the error estimate includes the uncertainty introduced by the contamination correction). The resulting w(θ) model is shown by the solid curve in Fig. 9 . With the selection function given by the filter transmission curve, we found a best fitting value of r0 = 2.87 ± 0.70 h −1 Mpc -shown by the dashed curve in Fig. 9 ). Given that these two estimates of r0 are entirely consistent with each other within the estimated uncertainties, it is clear that the selection function is not significant for the result.
Such a low clustering measurement is entirely consistent with previous measurements of the clustering of z ≈ 3 LAEs. Those shown in Fig. 9 have reported clustering lengths of r0 = 2.5 Gawiser et al. 2007 ) and r0 = 1.99 Ouchi et al. 2010) , whilst Hayashino et al. (2004) did not present a measurement of the clustering length. Both results are marginally lower than our own, but neither attempt to account for the contamination rate of their samples (something that has boosted our result marginally). Our results are consistent with these low clustering measurements, whilst providing a more robust measurement given our 5 independent fields covering a total area marginally larger than that of Ouchi et al. (2010) .
The LAE clustering is low compared to both the normal star-forming and passive galaxy populations at z ∼ 2 − 3. Indeed, at z ∼ 3, the LBG population of star-forming galaxies is found to have clustering lengths of r0 ∼ 4 h −1 Mpc (e.g. Adelberger et al. 2005; Bielby et al. 2011 Bielby et al. , 2013 . Given literature results suggesting a strong link between galaxy stellar mass and median halo mass (e.g. Bielby et al. 2014; McCracken et al. 2014) , such a low clustering length is strongly suggestive of LAEs being low-mass galaxies residing in low-mass dark matter halos.
Dark Matter Halo Masses
We now explicitly estimate median halo masses from our clustering results. Following Bielby et al. (2014) , we calculated the mean masses of dark matter halos within the galaxy samples by using the clustering results. We used the formalism developed by Mo & White (1996) which provides a relationship between the halo-bias to the mean halo mass via (Sheth et al. 2001) :
Here, the critical overdensity, δc, is defined as δc = 0.15(12π) 2/3 Ω(z) 0.005 ≈ 1.686 (Navarro et al. 1997 ). The constants a, b, c are obtained from Tinker et al. (2005) 
P (k) is the matter power-spectrum, which we calculate using CAMB (Lewis et al. 2000; Challinor & Lewis 2011) , which is based on CMBFAST (Seljak & Zaldarriaga 1996; Zaldarriaga & Seljak 2000) . w(kr) is the window function for a spherical top-hat function given by:
r is the top-hat radius and is related to the mass, MDM by:
ρ0, the present day mean density of the universe, is given by ρ0 = Ω 0 m ρ 0 crit = 2.78 × 10 11 Ω 0 m h 2 M⊙Mpc −3 . Therefore we estimated the dark matter halo mass from the clustering bias for each sample by combining equations 11, 12, 13, 14. Taking our clustering length result derived using the filter transmission profile, we find a clustering bias of b = 2.13 ± 0.47 and halo mass MDM = 10
11.0±0.6 h −1 M⊙. Gawiser et al. (2007) reported a bias factor of b = 1.7 ± 0.4 and a median dark matter halo masses of MDM = 10 10.9±0.9 M⊙, whilst Ouchi et al. (2010) reported a bias value of b = 1.7±0.8 and a halo mass MDM ≈ 6.7 +42.0 −6.7 × 10 10 M⊙. Ouchi et al. (2010) concluded that the average dark halo mass of LAEs is ∼ 10 11±1 M⊙ at z = 2 − 7. As for the GALFORM model result shown in Fig. 9 , this corresponds to LAEs occupying dark matter halos with a median mass of MDM ≈ 10 11.3±0.3 , again slightly higher than the observations but consistent within the uncertainties.
The median halo mass for LBGs is estimated to be ∼ 10 12 M⊙, about one order of magnitude larger than that of LAEs (Hamana et al. 2004; Ouchi et al. 2004b Ouchi et al. , 2005 Lee et al. 2006 Lee et al. , 2009 McLure et al. 2010; Hildebrandt et al. 2009 ). Indeed, from our own LBG measurements, we estimates a median LBG halo mass at z ∼ 3 of MDM = 10 11.6±0.2 h −1 M⊙ with b = 2.37±0.21 (Bielby et al. 2013 ), larger than the LAE measurements although only at the ≈ 1σ level.
DISCUSSION
Combining the LAE luminosity function/number counts results and the LAE clustering measurements, we find an interesting overall picture. LAEs at z ≈ 3 seem to be a relatively rare component of the galaxy population with abundances ≈ 10× lower than that of LBGs at the same redshift. Given the relative low-abundances of the LAE population, one might expect that LAEs would then occupy rare high-mass dark matter halos based on a simple abundance matching approach. However, the clustering results show clearly that the LAE population is relatively poorly clustered, even compared to the average star-forming population at z ≈ 3, and so likely resides in low mass halos. It is evident then that LAEs possess a relatively low occupation number (i.e. number of galaxies per halo) of << 1 and therefore trace the dark matter distribution relatively poorly. Quantitatively, our measured number density of LAEs is ≈ 8 × 10 −4 Mpc −3 , whilst the number density of MDM ∼ 10 11 M⊙ is predicted to be ∼ 3 × 10 −2 Mpc −3 in a ΛCDM Universe (e.g. Jenkins et al. 2001) . It is common to link a galaxy population's properties as far as possible to its' host halos properties, but it is likely given that only a small fraction of the type of halos that host LAEs do in fact host LAEs. The galaxy properties that govern the selection of LAEs (i.e. Lyα equivalent width) are not well linked to the halo mass, except perhaps that halos above a certain mass could be incapable of hosting these star-forming galaxies (given the low clustering measurements).
The LAE sample as selected using the NB497 filter lies within the redshift range of LBGs selected based on their U − B (or U − G) colours. It is worth considering then how these two populations relate to each other. LBGs by definition are galaxies that possess a Lyman Break, however this is not intrinsic to the galaxies themselves and is the result of Lyman series absorption of photons as they pass through the inter-galactic medium external to the galaxies. Indeed, all galaxies at z ≈ 3 should have a Lyman break and so on some level, LAEs are LBGs in the sense that they will have a Lyman break of some form. However, LBG samples are limited by selection constraints to being the galaxy population with Lyman breaks larger than some limit, i.e. they must have significant enough continuum redward of the Lyα wavelength to fall within the selection constraints. These constraints are partially governed by the location in colour space of the z < 2 galaxy population and galaxies with weaker Lyman breaks may simply overlap the lowredshift population in terms of U − B (or U − G) colour (Cooke et al. 2014) . As is shown in Fig. 7 , the LAE number density is ≈ 10× lower than that of the LBG population and so it is reasonable to expect that the LAE population is simply an extreme subset of the LBG population. Indeed 40% of the LBG population has been shown to exhibit Lyα in emission, with ≈ 25% of LBGs having equivalent widths of 20 Å (Shapley et al. 2003 ) and a tail in Lyα equivalent width up to ∼ 200 Å. Clearly, some LAEs are LBGs and the numbers seem to approximately tally given that Gronwall et al. (2007) reported number densities of 20 Å equivalent width LAEs were approximately a third of the number densities of LBGs. Indeed, Fig. 8 of Shapley et al. (2003) shows that ≈ 12% of their LBG sample have equivalent widths of 60 Å, which ties in very well with the number densities we find for our sample.
In Fig. 10 we show the U − B versus B − R colour plot for our LAE sample (filled circles and triangles) compared to the VLRS LBG selection in these fields (to the upper left of the solid line boundary) and the general R < 25 galaxy population (shaded 2d histogram). Given that LAEs are selected to have faint continua, the uncertainties on the LAE colours are relatively large, whilst many have no U detection at all (shown as lower limits on the U − B colour by the triangle points). Of the LAEs shown, 60% fall within the LBG selection region or present lower limits consistent with the LBG selection. Of the 40%, that do not, only 2 galaxies lie outside the LBG selection region with any significance given the estimated photometric uncertainties. Thus the true percentage lies in the range ≈ 60 − 90%.
Our clustering analysis corroborates this picture of the LAEs being an extreme subsample of the LBG population, whereby they show lower clustering due to our LAE sample probing a low-luminosity subset of the LBG population (at least compared to the mostly R 25 LBG samples from which clustering measurements have been made). The LAE selection presents a very incomplete sampling of the typical dark matter halos that host them however, due to not all galaxies in equivalent mass halos exhibiting such strong Lyα emission. Spectulating on the reason of this low occupation number, one possibility is that Lyα emission is tracing star formation episodes within ≈10 Myrs, whereas the UV continuum in LBGs traces star formation over a few hundred Myrs. Given the added complexity of the radiative transfer of Lyα photons, this could explain why a galaxy emitting strong observable Lyα emission can be thought of as difficult. If there are environmental effects, such as star formation quenching in the vicinity of a QSO, then this would also impact the visibility of Lyα flux over the UV continuum.
CONCLUSIONS
In this paper, we have presented NB497 band photometric observations within 5 of our VLRS fields, taken using Subaru Suprime-Cam. Combining these narrow band images with B, V and R deep imaging, we have made a photometric selection of z ≈ 3.1 LAEs with an equivalent width limit of ≈ 65 Å. We have also made spectroscopic follow-up observations of LAE candidates in 3 of the 5 fields, using VLT VIMOS. The major findings of our study are summarised as follows:
1. Our final selection, based on the combination of B − mNB497 with either V − mNB497 or R − mNB497, gives a success rate of 78 ± 18% based on our spectroscopic observations. The equivalent width limit of our final selection is ≈ 65 Å, whilst the flux limit is ≈ 2 × 10 17 erg cm 2 s −1
(equivalent to L ≈ 10 42 erg s −1 ). 2. The spectroscopic observations produced 35 confirmed LAEs at z ≈ 3.1, with 23 of these falling within our final optimised selection criteria. We found no strong evidence for any contamination from low redshift Oii emitters (although 5% of the detections remain ambiguous given the observational constraints). The only significant 'contamination' of the selection is from objects with no discernible emission in the observed spectra, pointing to either low Lyα flux objects and/or interlopers (both likely entering the selection due to photometric uncertainties).
3. We have calculated the NB497 number counts for our LAE sample (corrected for contamination) and find it to be consistent within the uncertainties with the previous observations of Gronwall et al. (2007, equivalent 4. We derived the R-band/rest-frame UV continuum luminosity functions of our sample of LAEs, again corrected for contamination. Our luminosity function lies at a level ≈ 10× lower than that of the z ≈ 3 LBG luminosity function, consistent with the LAE population being a small subset of the LBG population. At R 26 (MUV −19.6) our results are consistent with the fraction of strong emitters being constant or marginally increasing towards fainter continuum luminosities, consistent with the results of Ouchi et al. (2008) . Over a comparable magnitude range, we find our UV continuum luminosity function is significantly lower (by a factor of 3) than that measured by Gronwall et al. (2007) , however this appears consistent with their lower equivalent width threshold of ≈ 20 Å.
5. We have measured the angular correlation function for our z ∼ 3.1 LAE photometric sample in our 5 fields. Our results (corrected for contamination) are significantly lower than the observed clustering of LBGs at the same redshift. We measure a clustering length of r0 = 2.87 ± 0.70 h −1 Mpc (assuming a slope of γ = 1.8), which corresponds to a clustering bias of b = 2.13 ± 0.47 and a median halo mass of 10 11.0±0.6 h −1 M⊙. This indicates that LAEs reside in lowmass dark matter halos, but given their number densities they have a low occupation number -i.e. only a small fraction of such halos actually host an LAE. Figure A1 . VIMOS HR_red spectra (black solid curve) for confirmed LAEs in the QSO B2359+0653 field. The grey filled region shows the transmission profile of the NB497 filter. In addition, the insets show the corresponding 2D spectra showing only the wavelength region covered by the filter. The dashed lines show the noise estimated from the standard deviation of the background signal across the slit. Figure A3 . As for Fig. A1 , but for LBQS Q0301−0035 field.
